In this study on-road gaseous emissions of vehicles are investigated using remote sensing 8 measurements collected over three different periods. The results show that a high percentage of 9 gaseous pollutants were emitted from a small percentage of vehicles. Liquified Petroleum Gas 10 (LPG) vehicles generally have higher gaseous emissions compared to other vehicles, particularly 11 among higher-emitting vehicles. Vehicles with high VSP values tend to have lower CO and HC 12 emissions while petrol and LPG vehicles tend to have higher NO emissions when engine load is 13 high. It can be observed that gaseous emission factors of petrol and LPG vehicles increase greatly 14 within 2 years of being introduced to the vehicle fleet, suggesting that engine performance of such 15 vehicles deteriorate rapidly. It can be observed that LPG vehicles have higher levels of gaseous 16 emissions than petrol vehicles, suggesting that proper maintenance of LPG vehicles is essential in 17 reducing gaseous emissions from vehicles. 18
Introduction 23
In many cities, measurement of emissions from vehicles travelling under typical driving conditions 24 is carried out using remote sensing techniques, originally developed by the University of Denver 25 (Stedman and Bishop, 1990 
Remote Sensing Measurements 50
In Hong Kong, Remote sensing measurements are carried out periodically by the Hong Kong 51
Environmental Protection Department on different roadways within the city. Highway on-ramps, 52
toll booths, and roadways with gentle uphill inclines are frequently selected as remote sensing 53 measurement sites. Measurements are carried out on weekdays. At the measurement sites, the 54 majority of vehicles are undergoing acceleration. The vehicles travelling past the remote sensing 55 site are assumed to be sufficiently warmed up, thus it is assumed that no vehicles operated under 56 cold-start conditions, under which vehicles running on different types of fuels have higher 57 emissions (Mazzoleni et al., 2004b; Mazzoleni et al., 2007) . 58
Measurements are gathered using a model ETC-S420 remote sensing system, developed by a local 59 environmental testing centre. The instruments release non-dispersive infrared (NDIR) and 60 non-dispersive ultraviolet (NDUV) beams. Concentrations of carbon monoxide (CO), carbon 61 dioxide (CO 2 ), and hydrocarbons (HC) are measured with the NDIR beam while concentration of 62 nitric oxide (NO) is measured using the NDUV beam, which has been shown to have a positive bias 63 (Popp et al., 1999). The two beams are released from a source detector module, located on one side 64 of a traffic lane, and reflected back to the module by a reflector located on the other side of the lane. 65
The strength of the beams is measured continuously. When a vehicle travels past the test site, its 66 exhaust absorbs some of the light emitted. Concentrations of gaseous emissions are determined by 67 comparing the strength and waveform of the beams exiting and returning to the source detector 68 module. A vehicle's emission is determined based on gaseous concentration measurements 69 immediately before and after the vehicle's passage through the remote sensing site. Measurement 70 instruments are calibrated every two hours at a minimum (Ko and Cho, 2006) . HC is calibrated with 71
propane. To increase data capture rate, two sets of instruments are deployed in series during testing. 72
Speed measurements are collected from a speed sensor, which contains a detector bar and an emitter 73 bar that emits two lasers. The two lasers are separated by a fixed distance. As a vehicle travels past 74 the measurement site, the beam's path is obstructed. The vehicle's speed at the time when the 75 vehicle passes each of the laser beams is derived and the acceleration, defined to be the difference 76 between the speeds measured by the two lasers, of the vehicle are recorded. valid. These are similar to the guidelines given by Bishop and Stedman (2006) . Approximately 90% 96 of the data is considered valid. The CO, NO, and HC emission indices of each vehicle are derived 97 from remote sensing measurements using the following equations (Ning and Chan, 2007) : 98 Gaseous emission factors of a vehicle are computed from its emission indices using the following:
where FC fuel is the fuel consumption rate in l/km (Ning and Chan, 2007 The relationship between fuel consumption and instantaneous speed and acceleration rates are 125 derived using regression analysis. Fuel consumption rates, expressed in terms of vehicle speed and 126 acceleration, for petrol, diesel, and LPG are written as Eq. 6. The fuel consumption equation for 127 petrol vehicles (Eq. 6a) is derived from dynamometer measurements of a passenger car's fuel 128 consumption (Post et al., 1984) . The respectively. Fuel consumption rate of heavy-duty diesel vehicles is assumed to be 3.3 times higher 133 than that of light-duty diesel vehicles (Pierson et al., 1996) . 134
The vehicle specific power (VSP), defined as the power required to operate a vehicle at a given speed 138 and acceleration divided by the mass of the vehicle, of each vehicle passing through the remote 139 sensing site is computed. The VSP of a passing vehicle, expressed in terms of kW/tonne, is computed 140 from remote sensing measurements using the following: 141
where v is the vehicle's speed in km/h, a is the vehicle's acceleration in km/(h.s), and grade is the 143 slope gradient of the road segment (Jimenez, 1999; Bishop and Stedman, 2006) . In the following, Table 1 shows the contribution from the highest 10% of emitters towards vehicle emissions in 163 different cities. It shows that, among petrol vehicles, contribution to gaseous emissions from the 164 highest 10% of emitters is generally similar to other cities. Meanwhile, high-emitting diesel and 165 LPG vehicles tend to contribute less towards vehicle fleet emissions. While contribution from 166 high-emitters in other cities is derived from the total vehicle fleet, Table 1 
suggests that, in Hong 167
Kong, there is a large number of diesel and LPG vehicles emitting high levels of gaseous pollutants. 168
Meanwhile, emission distribution of petrol vehicles suggests that emissions from such vehicles can 169 be improved greatly through proper vehicle maintenance. 170 Table  211 4. It shows that, across different years, diesel light buses tend to have lower CO and HC emissions 212 and higher NO emission compared to LPG light buses. LPG taxis have higher emission factors 213 compared to petrol passenger cars, which generally have similar engine size and power as taxis. 214
Petrol
LGVs have higher CO and HC emissions compared to diesel LGVs. 215
The differences between emissions of vehicles operating on different fuels are likely due to 216 operating characteristics of different engines-petrol and LPG engines typically operate at rich 217 conditions, under which CO and HC emissions are increased and NO emission is decreased, while 218 diesel engines typically operate at lean conditions, under which higher level of NO and lower levels 219 of CO and HC are emitted (Ceviz and Yüksel, 2005 Table 4 converted from g/kWh by a factor of 1.96kWh/km (Lenaers, 1996) . NO standards are converted 293 from NO x standards assuming NO x consists of 95% NO by mass (Carslaw and Beevers, 2004 ) 294 (Tables  299  6b and c) . 300 respectively. This suggests that engine performance and catalyst efficiency of modern LPG vehicles 324 deteriorate at a rapid rate, due to high mileage of such vehicles (Table 5) . (Table 5c) . From Fig. 6 it can be observed that, unlike petrol and LPG vehicles, newer model diesel 333 vehicles do not necessarily have lower CO and NO emissions factors compared to older vehicles. 334
Meanwhile, new vehicles tend to have lower HC emission factors compared to older vehicles. 335
Conclusions 336
In this study on-road gaseous emissions of vehicles under urban driving conditions are investigated 337 using remote sensing measurements collected from three different periods. Measurement results 338
show that gaseous emission from petrol vehicles is more skewed by heavy emitters. Petrol vehicles 339 have higher CO and HC emissions and lower NO emissions compared to diesel vehicles. (Table 6c)  468 
